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TECHNICAL MEMORANDUM X-64974

X-RAY REFLECTION AND SCATTER MEASUREMENTS ON |
SELECTED OPTICAL SAMPLES

|. INTRODUCTION

The measurements described in this report were made to allow correla-
tion between the reflection efficiency and the scatter properties of a particular
sample. The measurements were all made at a wavelength of 8.34A . The x-ray
reflectometer was operated in a vacuum system which was oil-free and therefore
did not contaminate the surface of the sample being studied.

Many experimenters have reported the results of total reflectivity
measuremcnts at x-ray wavelengths of a large variety of reflecting surfaces.
A smaller number have reported the results of studies of scatter characteristics
at x-ray wavelengths, These papers are listed in a bibliography to this report.

This report contains the results of measurements made on clean fused
silica optical samples with a surface finish of A/10 and on 10003 thick chromium
surfaces deposited on the fused silica surfaces. The samples were contaminated
under controlled conditions and remeasured to determine the effects of con-
tamination on the total reflection and scatter characteristics. The reflection
efficiency measurements are compared to theoretical data. The smoothing of
the scatter data, which are presented with the intensity (y) as a function of
beam width (x), was performed by conventional least squares theory.

I1. DESCRIPTION OF INSTRUMENTATION

A. X-Ray Reflectometer )

The vacuum x-ray reflectometer instrument is designed to allow pre-
cision measurements of x-rays reflected by optical samples {1), The reflec~
tometer shown in Figure 1 was used to make the measurements discussed in
this report. The instrument consists of a vacuum chamber, a microfocus x-ray




Figure 1. Vacuum x-ray reflectometer,

source, a filter for wavelength definition, a crystal monochromator for high
wavelength resolution, a precision rotary table for positioning the optical
sample, a detector for monitoring the x-ray beam prior to the optical sample,
a detector for measuring the x-ray beam reflected by the optical sample, a
series of slits to define the x-ray beam, and a remote readout system. The
relative locations of the various elements and the slit dimensions used for the
measurements to be discussed in this report are shown in Figure 2.

The environmental vacuum chamber (Fig. 3) which contains the x-ray
reflectometer is completely oil-free and bakeable to 250°C when the reflec-
tometer is removed, The chamber is 122 cm in diameter and 183 cm long.

A small liquid nitrogen shroud 70 ¢m in diameter and 30 cm long is located in
the rear of the chamber, The system is rough-pumped with four banks of
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Figure 2, Schematic of x-ray reflectometer. |

Figure 3, Envirmmental vacuum chamber,
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sorption pumps mounted on a manifold that is connected to the chamber through
a bakeable valve. The primary pump is a 3000 1/s ion pump and a seccndary
1000 1/s ion pump. A typical pump-down curve for an empty chamber and one
with the vacuum x-ray reflectometer is shown in Figure 4,
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Figure 4. Environmental chamhber pump-down curve,
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The x-ray reflectometer is mounted on a baseplate 63 » 163 em which
«an be removed from the vacuum chamber as required. The x-ray source is a
microfocus, windowless x-ray tube. The dimensions of the emitting region of
the x-ray source are approximately 0.2 »x 4 mm, with the 4 mm dimension
extended perpendicularly to the baseplate in Figure 5. The x-ray source was
operated at 2400 V and 3,5 mA with an alum?®: 'm anode while taking the data

discussed in this report.

Figure 5. Microfocus x-ray tube.

A drawing of the sample holder is shown in Figure G, The holder will
accept four 2,54 ¢cm diameter samples which are retained in the cylindrical
wells on the four faces of the sample drum. The samples ace spring-loaded
from behind and are held in their wells by the retaining fingers., The sample

-
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Figure 6. Multiple sample holdcr.

drum rotates on a vertical shaft and is driven by a four-place Geneva mechanism.
A Geneva mechanism is used so that the rotational positioning of the sample
drum is fairly independent of the final positioning of the flexible shaft which

turns the Geneva driver wheel. The sample drum, in fact, remains in the
proper position and locked for any stopping orientation of the flexible shaft over

a range of at least 90°.

Once the sample drum has been rotated so that the desired sample is in
position, the sample must be moved into the x~ray beam and held in proper
alignment, This motion is accomplished by sliding the sample drum forward
until the polished face of the sample contacts the three reference surfaces.
Motion is continued slightly beyond first contact, compressing the spring behind
the sample, to insure firm contact with all three reference surfaces.

e



The sample holder is mounted on a precision divided circle clinometer.
The angle of the sample with respect to the direct beam can be read on a scale
divided at intervals of 0. 2 sec of arc. The sample can be remotely rotated
through 90° and its position remotely read by a fiber optics light pipe.

The x-ray reflectometer has three slits: collimating slit, monitor slit,
and sample detector slit. The openings of the slit to the proper width are
measured by micrometers. The collimating slit is located between the micro-
focus source and the crystal and its jaws are independently adjustable for
defining the x-ray beam. The purpose of this slit is to limit the divergence of
the beam to a few arc seconds. The monitor slit is located between the crystal
and the movable monitor counter and its jaws also are independently adjustable.
The purpose of the monitor slit is to confine the x-rays to the face of the sample
being measured. The sample detector siic has two adjustments, one for the size
of the slit opening and the other for a translation adjustment. This slit, located
in front of the sample detector, has two positions of operation. In Figure 7 the

Figure 7. Detector and detector-slit assembly.
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narrow slit opening is adjustable using micrometer #1, and the entire slit is
translated using micrometer #2, The circular opening in this slit housing is
slightly less than the diameter of the detector window. The total reflectivity
measurements were taken with the large opening positioned in front of the sample
detector. The angular distribution of the x-ray beam is measured by closing the
jaws of the sample detector slit to a width small compared to the linear extent

of the reflected x-ray beam in the detcctor plane. The narrow slit opening is
then translated to the center of the detector face. The detector and slit assembly
is stepped across the reflected x-ray beam in increments to measure the profile
of the beam. The position of the slit assembly in relation to the detector for each
of the measurements is shown schematically in Figure 8.

TOTAL REFLECTION SCATTER
POSITION POSITION

a

DETECTOR

] DETECTORSLIT

1 I|F ] { 'L ] SAMPLE SLIT

Figure 8. Schematic of detector-slit arrangement,



The vacuum x-ray reflectometer uses two detectors during operation.
The detectors used in these measurements were geiger counters with a 1.5 mg/
cm mica window filled to a pressure of 9.1 x 10* N/m? with argon and halogen
gas. One of the detectors is mounted in front cf the sample. The purpose of
this detector is to monitor the radiation that is striking the sample surface. The
second detector is mounted on two arms, both pivoted at the axis of the sample
turntable. The purpose of the larger arm (the one resting on the baseplate) is
to provide rough positioning of the detector during initial alignment and also in
remote operation. The smaller arm, the one to which the detector and detector
slit are attached, provides for fine positioning and scanning of the detector
through the x-ray beam reflected from the sample, thus giving the angular pro-
file of the beam. This motion is obtained by rotation of micrometer #3 in
Figure 7. The fine position arm is movable through a 10-deg arc.

B. Data Processing Equipment

The signal received by the detectors is transmitted outside oi the chamber.
The signal passes through standard x-ray instruments and into a programmable
calculator that controls peripheral equipment. The peripheral equipment is an
X-Y plotter, multichannel analyzer (MCA), and a printer (Figure 9).

Figure 9. Data processing system.
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The data are accumulated for each data point on the basis of time as
d< termined by the program in the calculator. For the accumulation of data for
«1e data point, the following sequence is used, The data are accumulated for
* s in the first channel of the MCA, then accumulation begins in the second
channel. This sequence continues until 10 channels of 5 s each have been used,
ar a total of 50 s of time. The data are read from the MCA into the calculator,
averaged, radiation background subtracted, and printed out with appropriate
headings. Also, during this operation, the data are plotted at a convenient
¢ cale and stored in the MCA for further analysis after accumulation of all data.

I11. TYPE OF MEASUREMENTS

The measurements reported here are for an x-ray source with an
o
aluminum anode generating 8.34A x-rays. Two types of measurements are
discussed in this report: total reflection measurements and scatter measure-
ments,

A. Total Reflection

The tri.d reflection measurements are made by positioning the open
portion of the sample detector slit in front of the sample detector so that all of
the reflected radiation will strike the detector face. With the slit in this
position all radiation reflected by the sample within a half angle of 1.5° will
strike the face of the detector. The monitor and sample detector are calibrated
and are used alternately to monitor the incident x-ray beam and the reflected
bearr. The x~ray counts are passed through the data processor and result in a
plot of the reflection efficiency as a function of angle of incidence, as well as a
printout of thic information, Normally the data were taken at angles of inci-
dence in 5§ ~r¢ min steps and terminated when the reflection efficiency decreased
below 1 ;2rcent,

A computer program was prepared to calculate the x-ray reflectivity as
. function of the angle of incidence for plane surfaces as well as multilaminate
planar surfaces [2]. The program calculates the real and imeginary compo-
nents, § and R, of the complex index of refraction from the more readily
accessible physical parameters such as density, x-ray absorption coefficients
and their wavelength dependence, atomic level oscillator strengths, and other
parumeters, Having determined 6 and j and knowing the thickness of the layer,
#e program then calculates the reflectance as a function of the angle of inci-
dence. The calculated reflection efficiency curve is given for each clean
sample measured,

10
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B. X-Ray Scatter

The scatter measurements were made by placing a 2, 3 arc sec slit in
front of the sample detector and stepping through the reflected x-ray beam.
Since the sample detector slit assembly can be translated from the open position
to the narrow slit position, rcflection and scatter measurements can be alter-
nately made without changing the angular opening of the scatter slit. Most of
the scatter measurements were taken by stepping the sample detector at 1.15
arc sec increments through the reflected x-ray beam. The detector operated at
each position for 50 s with the data being processed, stored in the MCA, and
plotted us desired. It was found that an angular scan range of 54 arc sec was
adequate for most of the samples. The scatter data were taken for most samples )
at an angle of incidence (4) of 50 arc min. Either before or after measuring the |
scatter curve for each sample, the sample was removed from the x-ray beam
and the sample detector was stepped tLrough the unreflected beam. These data
would then allow the reflected and unreflected beams to be compared to deter-
mine the effect of the sample on the beam,

As the sample detector was stepped through the x-ray beam, the count
rate would vary from near zero to a peak near the midpoint of the traverse and
then drop to near zero as the edge of the beam was approached. This resulted
in a curve defined by a set of points which were spaced 1. 15 arc sec on the
x-axis. For plotting purposes the data were normalized to the peak intensity of
the x-ray beam. Because of the spread in the data, a computer program was
prepared for smoothing of the intensity (y) as a function of beam width (x) by
conventional least squares theory which can be found in almost any text on
numerical analysis [3,4].

The basis for the least squares theory applied in this study is the one
which requires that the sum of the squares of the deviations of the data from
the smooth curve be a minimum in the y direction only.

To satisfy the previously mentioned basic requirements exacfly, it is
necessary to vary the functions selected for the smooth curve over the entire
function space, calculate the rms for each function, and pick the function with
the minimum rms or select a function which will go through all the data points,
thus giving a zero deviation. Neither of these was applied since the first is
impossible and the last is disinteresting for a large set of data points, For
this reason, the exact minimuin was not required.,

The actual criteria used required that the rms deviation be a minimum
to 8 significant digits for the functions selected a priori. ;

11




The class of functions selected was fourth degree polynomial exponentials
of the form,

y = exp(lat + ¥+ ex?+ dx+¢) . (1)
The deviation for the ith data point is

d =y

) - exp(axt + bx® + cx®+ dx+¢) = py(x) . (2)

i

The sum of the squares of the deviations is then
2
B = Z[yi-exp(axi‘+lmis+cxiz+dxi+e)] . (3)

The minimum of s is found by equating the partial derivatives of s with
respect to a, b, ¢, d, and e to zero and solving the resulting system of equa-
tions for the values of a, b, ¢, d, and e gives:

Ly xt e (By(x)) = ), x! exp (2P,(x))

Zyi xi8 exp (P4(xi)) ins nXp (2P4(xi))
Ly xtexn (Pyx)) = )% exp (2P,(x)) (4)

Ly % exp (Py(x)) = )%, exp (2P,(x,))

Ly ex (P, (x)) = ) x exp (2P (x)) .

12
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These must now be solved for the coefficients a, b, ¢, d, and e, Since
this syastem is nonlinear, it is necessary to apply an iterative scheme which
requires long computing time. Therefore, this system was not used to find the
minimum. Instead, the natural logarithm technique was applied to equation (1),
8o that the deviation becomes

d = LNy, - P(x) (5)

and 8 is now
8= ) (LNy -P,(x))? . (6)

The partial derivatives with respectto a, b, ¢, d, and e now give

-

Lx' o Ixl Txt D zx;\ D xfLNy,
Lx'onxt Nxb o Yxt o Yxd|[ b L% LNy,
Lxto Lxt Lxt Dx o Dxfle |=| Zxfiny | (@
nxl o Lxt Lx' Yx? Yxld 2% LNy,

Y x! X x.? Y x.? Y, X, YN \e Y LN vy

From this system it is noted that symmetrical x data will give zeros for
all the odd~powered coefficients. For this reason the experimental data were
taken centered about X = 0, This allowed the decoupling of the system in equa-
tion (7) so that a 2x 2 and 3 x 3 matrix could be solved instead of a 5 x 5,

This was desirahle since the computer used was limited in programming steps.

13
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It should be noted that the deviation is defined as the difference between
the logarithm of the function and the logarithmic data rather tian the difference
between the function and the data. The relationship of the two is

df=y(1-e'dL) (8)

where df is the difference in the function and the data and dL is the difference

in the logarithm of the function and the logarithm of the data.

It may be observed that the two agree only at zero deviation; thus, the
method should give good results for small deviations but will not work well for
larger ones (i.e., scattered data).

The data were normalized to the maximum value of y; therefore, the
upper limits for the error can be visualized from the plot in Figure 10,

10+

-
3
e

0 1 2 3 4 5 86 7 8 9 10
dy

Figure 10, Relative error between df and dL.
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The numerical values of the coefficients a, b, ¢, d, and e are given in

Table 1 and are identified by the sample number and the figures in which the
curves appear.

s

TABLE 1. NUMERICAL COEFFICIENTS
E
Figure Sample
No. No, a b ] d [

12, 14 1 -1.961x 10~% 1,455 x 1077 i.626 x 1072 -1,047 x 1072 i
13, 14 unr, beam* ~2,228 x 1078 -8.116 x 10~ 1.634 x 107 7.915 x 1073 H
13, 15, 16 2 -2,040 x 10~% 2,588 x 10™8 1.609 x 107! -1.901 x 102 {
18, 20 3 -1,874 x 1078 3,714% 107% 1.631 x 102 ~1.875 % 1072 3
19, 20 unr, beam | -1,993x 10~ 2,265 » 107 1,683 x 107 -5, 948 x 107 H
22, 24, 30 4 ~1,941 x 10-* 1,548 x 104 1,495 x 1072 -5, 584 x 1072 i
23, 24 unr, beam -2,014x 107 6,6787 x 107 1,825 x 1072 -2.928 x 1072 i
28, 29, 30, 40 4 (cont)** -1, 846 x 1078 -1.438 x 107¢ 1.423 x 1072 -5, 442 > 1073 ¢
29, 33, 38 unr, beam -2,011 % 20°% 3,621 x 107 1,747 x 1072 7.213x 107} :
32, 33, 39 5 -2,479 % 10 1,261 x 1078 1.633 x 1072 -5, 236 x 1073 '
37, 38, 39, 40 5 (cont) -1,207 x 10" 2,854 x 1078 1,087 x 1072 ~1,133x 1072 :
44, 58 6 -2.513 x 10=¢ ~1,202x 107 2,093 x 1072 3,070 x 1072 ¥
45, 59 6 -2.432 x 10~% -1.576 x 1078 1.766 x 10~? ~1,138 x 107¢ !
46, 60 [ -7.688 x 107 -4,317 % 107 2,926 x 1072 6.241x 107 :
47, 61 6 2,176 x 10~¢ -4,008 x 107 1,664 x 1072 -2,93 % 1073 .
48 unr. beam -2.465x 1078 2,165 x 107 2,1068 x 107° 6,803 x 1072 ;
52, 57 6 (cont) 1.512x 10-% -4,55 x 1074 4,978 x 107 9. 568 x 10~? 0.63197 ;
53, 58 6 (cont) -1,685x 107 1,128 x 107 1,376 x 1072 -4.712x 1072 ;
54, 59 6 (cont) -2.182x 167 -8,922 x 10° 1.6774> 1072 3,676 x 1072 :
43, 57 6 -1,683 x 1078 -4,1C6 x 10~ 1.566 x 1072 0,121 :
55, 60 6 (cont) -2,152 % 107% -4,656 x 10 1,555 x 102 9,524 1073 :
56, 61 6 (cont) ~1,753 x 1078 -1,074 x 1078 1,425 x 1077 -1.006 x 107?
65, 67, 68 7 (cont) «1.9009 x 10 4,123 x 1074 1.582 > 102 -2,562 % 1072
67, 73, 74 8 ~2,1448 x 107 8,680 x 107 1.789 x 1072 -4.582> 1077 :
68 unr, beam -1,7709 x 10~ 8,244 1074 1,574 x 1072 -2,906 x 1072
74, 18 8 (cont) -1, 407 x 1078 -1.458 x 10 1.108 x 1072 -6,515x 1073
75 unr, beam -1,853 x 107¢ 6,732 x 107F 1.671 x 1072 ~1.568 x 1072

* Unreflected Beam
¢* Contaminated

IV. DESCRIPTION OF SAMPLES AND RESULTS

The samples which will be discussed in this report are all 2.54 cm
diameter optical flats 0,635 cm thick, Sixty fused silica samples were pur-
chased in one order. The 60 samples were specified to be finished to a flatness
of A/10. Twenty of these samples were selected for measuring the optical
properties of fused silica at x-ray wavelengths. Twenty were selected and
coated with 9, 999 percent purity nickel to a thickness of 10008 = 258 . The
remaining 20 were coated with 99, 999 percent purity chromium to a thickness
of 10003 = 258. The measurements which have been made on selected samples
from the original 60 will be discussed in terms of the reflecting surface.

o | e o me va e
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All of the samples were cleaned before measuring. Selected samples
were then contaminated and remeasured to determine the effect of the contami-
nant on the scatter and reflection properties. In this report the sample carries
the same identification number regardless of the number of tests or the con-
ditions of the sample.

A. Fused Silica

1. Sample #1. This sample was cleaned and measured to determine
the scatter characteristics. The data were taken at an angle of incidence
6 = 50 arc min, where ¢ is the angle between the incident radiation and the
reflecting surface as shown in Figure 11. The experimental data are plotted in

\TL\ AJM
W/////f SOLID ”W/ //4

Figure 11. Angle of incidence 6.

Figure 12 with the relative intensity of the reflected x-ray beam as a function of
the angular distance of the detector away from the position of peak intensity.
The experimental data are shown as circles and the least squares curve fit as a
solid curve. The full-width-at-half-maximum (FWHM), of the reflected x-ray
beam as defined by the smooth data is 13.45 arc sec, The scatter curve for the
unreflected x~ray beam is given in Figure 13, The angular spread of the

16
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Figure 12, Fused silica sample #1, ¢ = 50 arc min.
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Figure 13. Unreflected x-ray beam for samples #1 and #2,
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unreflected beam at the FWHM is 13. 46 arc sec, Figure 14 is a comparison of
the x-ray bheam reflected by the fused silica sample and the unreflected beam,
The sample reflected the x-ray beam without increasing the angular extent of

the beam, indicating a good reflecting surface within the resolution of the x-ray
reflectometer. In fact, the change in the FWHM is within the experimental
error of the system. Unfortunately, the schedule did not permit the total reflec-
tion measurements to be completed on this sample.

101
/-\\ SAMPLE # 1
I\ Y-834A
| 0 = 60 ARCMIN — — —
s \ UNREFLECTED
8l
2+

\
\
\
\
\
|
\
\
\
\
\
\
\
\

RELATIVE INTENSITY

BEAM WIDTH (ARC SEC)

Figure 14, Comparison of sample #1 and unreflected beam.
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2, Sample 2. This sample was cleaned and measured at the same
time as sample #1. As with sample #1, the only measurement was to determine
the scatter curve at an angle of incidence of 50 arc min. The scatter curve is
given in Figure 15 and has a FWHM value of 13.65 arc sec. The reflec .ion
efficiency at 9 = 50 arc min determined by comparirg the area unde~ the curve
for the reflected and unreflected x-ray beam is 87 percent. The x-ray data

SAMPLE # 2
A=8.3MA
. «80 ARC MIN

RELATIVE INTENSITY

L ' i 'l J

=27 -18 -9 0 9 18 27

8EAM WIDTH (ARC SEC)

Figure 15, Fused silica sample #2, ¢ = 50 arc min.
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reflected by the sample are compared to the unreflected x-ray beam in Figure
16, Again, the increase in the angular extert of the beam is very small,
indicating a good reflecting surface at this wavelength.

3. Sample #3. This sample was used as a control sample during the
measuring of samples #4 and #5 which were measured under two conditions. All
three samples were cleaned and measured during one pump down. Samples #4
and #5 were removed from the sample drum, contaminated, replaced in the drum,
and remeasured. Sample #3 remained in the drum to serve as a standard so that

bl M
/ \  SAMPLE #2
A=834 A
ol / 8 = 50 ARC MIN — — —
: | \ UNREFLECTED BEAM ——

RELATIVE INTENSITY

(=]

A L L L 1 ]
-21 -18 -9 0 9
BEAM WIDTH (ARC SEC)
Figure 16. Comvarison of sample #2 and unreflected beam,
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the change in the measurements due to the contamination could be identified.
Figure 17 is the reflection efficiency curve for sample #3 averaged for the two
tests. The solid line is the theoretical reflection efficiency for fused silica.
The experimental data agree reasonably well with the theoretical data at angles
of incidence less than the critical angle with the spread between the theoretical
and experimental greatest at 9 = 60 arc min or in the portion of the curve where
the slope is greatest., The scatter curve for the two measurements on sample
#3 is given in Figure 18 for ¢ = 50 arc min,

- SAMPLE # 3
A=8.341A

- THEORETICAL ——
EXPERIMENTAL O

101

T T 17T

REFLECTION EFFICIENCY

100 L s 1 i I I —
0 20 40 60 80 100 120 140

ANGLE OF INCIDENCE (ARC MIN)

Figure 17. Reflection efficiency for fused silica sample #2,
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SAMPLE # 3
A=8.34 A
6 = 50 ARC MIN

RELATIVE INTENSITY

BEAM WIDTH (ARC SEC)

Figure 18, Fused silica sample #3, 0 = 50 arc min.

The FWHM of the scatter curve is 13. 43 arc sec. The unreflected beam
for the two measurements of sample #3 is plotted in Figure 19 with a FWHM of
13.18 arc sec. The two curves are compared in Figure 20, It is obvious from
this plot that this sample had very little effect on the x-ray beam either at the
FWHM point or in the wings of the curve, Therefore, this measurement
indicated that this sample contains a good optical surface for this wavelength
radiation,
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Unreflected x-ray beam for samples #3, 4, and 5.
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Comparison of sample #3 and unreflected beam.
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4. Sample #4. This fused silica sample was cleaned and measured
ard then contaminated with 10 pm diameter carbon particles and remeasured.

The reflection efficiency curve for the clean sample is given in Figure 21
together with the theoretical curve, Again, the experimental data agree very
well with the theoretical curve at angles less than the critical angle, with the
greatest difference being at 9 = 60 arc min where the experimental data are
considerably lower than the theoretical data.

102

SAMPLE # 4
A=834 A

o THEORETICAL —
EXPERIMENTAL O

T T T 11
(o]

10!

REFLECTION EFFICIENCY

100 1 4 1 1 1 1 _
0 20 40 60 80 100 120 140

ANGLE OF INCIDENCE (ARC MIN)

Figure 21, Reflection efficiency for fused silica sample #4.
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The scatter curve is given in Figure 22 for this sample at ¢ = 50 arc
min, The FWHM is 14, 38 arc sec. The unreflected beam measured with the
tests on samples #4 and #5 is given in Figure 23 with a FWHM of 13,56 arc sec.
The scatter curve for sample #4 is compared to the unreflected beam in Figure
24, The angular increase of 0. 82 arc sec in the reflected x-ray beam indicates
that this sample is a good reflector of 8,34 A X-Trays.

After the sample was measured in a clean condition, it was contaminat>d
with carbon particles to an average density of 189 particles/mm?® The particle
size disfribution is shown in Figure 25. The particles ranged in size from 1 to

101 o SAMPLE # 4
A=3344
6= 50 ARC MIN
o}

RELATIVE INTENSITY

BEAM WIDTH (ARC SEC)

Figure 22, Fused silica sample #4, ¢ = 50 arc min,
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Figure 23, Unreflected x-ray beam for samples #4 and #5.
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Figure 24, Comparison of sample #4 and unreflected beam,
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Figure 25. Size distribution of carbon particles on sample #4.

29 pm in diameter, with the largest number of particles in the 9 um diameter
range. Twenty areas of the surface were inspected for a total area of 1,092 x
10" um? and a total particle count of 2070, A microphotograph of the sample
after the carbon particles were applied is shown in Figure 26.

The measurements on the contaminated sample #4 were made with the

control sample #3 in the sample drum so that the measurements between the
clean and contaminated sample #4 could be adjusted to reflect only those effects
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Figure 26, Sample #4 after depositing carbon particles.

caused by the contamination. Figure 27 shows the reflection efficiency curve
corrected to indicate only the changes due to lne particle contamination. Also
shown is the reflection efficiency curve for the clean sample. The efficiency of
the contaminated sample was 74 percent at ¢ =10 arc min, which is the minimum
angle that reflection data can be taken with our reflectometer, This is a decrease
in efficiency of 20 percent from the clean sample. The efficiency decreases to

64 percent at #= 20 arc min, which is the maximum difference between the two
curves. The efficiency is down at this point by 34 percent. The efficiency
increases as ( increases to 40 arc min, at which point the contaminated efficiency
is only about 5 percent below the ciean sample. From the critical angle to larger
angles the efficiency of the two surfaces are similar. The maximum decrease in
the reflection efficiency for an optical surface contaminated with particulate
material would be expected to occur at the smaller values of 7 since the projected
area of the particle onto the surface wou'ld be greatest at small values of 7.

The scatter curve for the contaminated sample at g = 50 arc min is
given in Figure 28, and is compared to the unreflected beam in Figure 29 and to
the sample in a clean condition in Figure 30. The FWHM of the contaminated
sample is 14, 47 arc sec, or an increase c{ ', 09 arc sec over the clean sample.
Also, in Figure 30 there is more of the reflected energy in the wings of the
curve for the contaminated sample than there has been in the previous curves
for fused silica.
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Figure 27. Reflection efficiency of clean and contaminated sample #4,

Figure 28.
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Figure 29, Comparison of contaminated sample #4 and unreflected beam.
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Figure 30, Sample #4 contaminated and clean, 6 = 50 arc min,
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5. Sample #5.  This fused silica sample was cleaned, measured,
contaminated with 10 y diameter carbon particles, and then remeasured.

The experimental reflection efficiency curve for t-¢ clean sample is
given in Figure 31 together with the theoretical curve., The scatter curve at
9 = 50 arc min is shown in Figure 32 and is compared with the unreflected beam
in Figure 33. The angular widths of the two curves at the FWHM are very
similar,
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Figure 31. Reflection efficiency for fused silica sample #5.
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Figure 32, Fused silica sample #5, ¢ = 50 arc min.
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Figure 33. Comparison of sample #5 and unreflected beam.,
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After the sample was measured in a clean condition, it was containinated
with carbon particles to an average density of 689 particles/mm?2, The particle
size distribution is shown in Figure 34, The particles ranged in size from 1 to
35 um in diameter, with the largest number of particles in the 8 um range,
Figure 35 is a microphotograph of the sample surface after th2 carbon particles
were deposited,

The contaminated sample was measured together with the control sample
so that the changes in the measurements due to the contaminant could be isolated.
Figure 36 is a plot of the reflection efficiency as a function of angle of incidence,

1100}

IOOOF

7001

NUMBER OF PARTICLES

PARTICLE DIAMETER (u)
Figure 34. Size distriLution of carbon particles on sample #5.
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Figure 36. Reflection efficiency of clean and contaminated sample #5.
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corrected to indicate changes due to the contamination. Also shown is the
reflection curve for the sample prior to contamination. The effect of the carbon
particles is greatest at the lowest angles of incidence, causing a decrease in the
efficiency of approximately 17 percent at ¢ = 25 arc min. At values of ¢ greaier
than the critical angle, the particles did not cause any significant reduction in
the efficiency of the sample. The scatter curve for the contaminated sample is
given in Figure 37 for ¢ = 50 arc min, The FWHM is 16. 88 arc sec, or an

1.01 SAMPLE #5
A=8344
0 =50 MIN

CONTAMINATED

RELATIVE INTENSITY

I L

-27 -18 -9 0 9 18 2l7

BEAM WIDTH (ARC SEC)

Figure 37. Fused silica sample #5 contaminated, § = 50 arc min,
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increase of 3. 96 arc sec in the unreflected beam shown superimposed on the
contaminated curve in Figure 38. Note that the wings of the contaminated curve
contain a large portion of the total energy as compared to the wings of the
unreflected curve. The scatter curve of the sample in a clean and contaminated
condition are compared in Figure 39, The FWHM of the scatter curve increased
by 3.27 arc sec on the contaminated sample, with the wings containing a larger
portion of the total energy.
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Figure 38, Comparison of contaminated sample #5 and unreflected beam,
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Figure 39. Sample #5 contaminated and clean, 6 = 50 arc min,

Samples #4 and #5 were contaminated with 10 ym diameter carbon
particles. Sample #5 contained a particle density more than six times the
particle density of sample #4. The scatter curves for ¢ = 50 arc min are
compared in Figure 40, The angular width of the curve at the FWHM for the
highest density of particles is 2.41 arc sec greater than the lower density
sample, The reflection efficiency of the two contaminated samples was very
similar at values of ¢ greater than 30 arc min (Fig. 41). However, at
smaller values of ¢ the efficiency of the sample with the lower density of
particles was significantly less.,
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Figure 40, Comparison of contaminated samples #4 and #5, § = 50 arc min.
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B. Chromium

The chromium samples were prepared by depositing 1000 Ax25A of
99, 999 percent purity chromium on a fused silica substrate finished to a flatness
of A/10,

1. Sample #6. The reflection efficiency of this sample was measured
and is compared to the theoretical curve in Figure 42. Even though there is
some spreading in the experimental data, the agreement with the theoretical
data is reasonable. The theoretical curve for fused silica, the substrate
material is also shown in Figure 42,

This sample was measured at several values of 9 to study the angular
spread in the x-ray beam as a function of the angle of incidence. The curves
are presented for measurements made at angles of incidence of 0= 0, 20, 40,
85, and 110 arc min in Figures 43 through 47. The curve for the unreflected
beam is given in Figure 48.
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Figure 42, Reflection efficiency for chromium sample #G.
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Figurc 43. Chromium sample #6, 6= 0.
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Figure 45, Chromium sample #6, ¢ = 40 arc min.
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Figure 46, Chromium sample #6, 6 = 85 arc min,
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After the aforementioned measurements were completed, the sample was
removed from the x-ray reflectometer and placed in the contamination chamber
shown schematically in Figure 49, The sample was exposed to Skylab thermal
control material S13~G, a white paint with a potassium silicate treated zinc
oxide pigment placed in a polydimethyl-siloxane binder [5]. Sample #6 was
exposed to the vacuum environment for 24 hours during which time the tempera-
ture of the thermal control sample (S13-G) was maintained at 55°C. The
chromium sample was maintained at 20°C and the vacuum chamber at 35°C.

Due to the pumping action of the system and the thermodynamic parameters
established, all oitgassed products will pass by the chromium sample and con-
dense on its face. Following this exposure, the sample was placed in the x-ray
reflectometer and remeasured. The reflection efficiency curve is given in
Figure 50 and compared to the reflection efficiency curve prior to exposure to
the S13-G paint in Figure 51. The contamination reduced the reflection efficiency
of the sample by approximately 20 percent at angles of incidence less than the
critical angle, and at values of § greater than the critical angle, the efficiency
appears to be as great as the uncontaminated sample.

}f 7.5cm !
HEATER PUMPING
— PORT

COOLED
CHROMIUM
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THERMAL

CONTROL

SURFACE

($13-G)

Figure 49, Schematic of contamination chamber.
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Figure 50. Reflection efficiency of contaminated sample 6.

o o SAMPLE # 4
F %00 60 Aep t4A
o ° ° o Gel. AN
LA I - CONTAMINATED
L[] “. e
I e0 .
r [ ]
- . o
¢ o
3 *
T [ ]
o
»
H
b .
'3
&
w0l .
E
gt
<
] I °
=
]
L
R N W — E——
w5 2 ) [ ] 100 ) 140
ANGLE OF INCIDENCE (ARC MIN}

Figure 51. Reflection efficiency of clean and contaminated sample #6.



The scatter curves for the sample after exposure to S13-G for the same
values of 9 are given in Figures 52 through 56 and are compared to the clean
sample in Figures 57 through 61. The angular change in the FWHM between
the clean sample and the contaminated sample is given in Figure 62 as a function
of the angle of incidence 9. The angular width at the FWHM of the contaminated
sample increased for all values of 9 except 0= 0. With the alignment technique
used with the x-ray reflectometer this would be expected if a material were
deposited onto the sample, Although the FWHM did increase for all values of ¢
greater than zero, ther~ did not appear to be a trend in the data.
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Figure 52, Chromium sample #6 contaminated, 0= O.
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Figure 53, Chromium sample #6 contaminated, 6 = 20 arc min.
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Figure 54. Chromium sample #6 contaminated, 6 = 40 arc min,
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Figure 56. Chromium sample #6 contamirated, 0 = 110 arc min,
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Figure 58, Sample #6 contaminated and clean, # = 20 arc min.
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Figure 60, Sample #6 contaminated and clean, 0 = 85 arc min.
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2. Sample #7. This sample was cleaned and placed on top of a storage
cahinet in a warehouse for 48 hours and allowed to collect dust. The sample was
removed and a particle count taken, The particle density was 9 particles/mm?,
with the largest number of particles in the 5 to 10 ym range, A histogram of
the particle count is given in Figure 63, with the particle size ranging from 5 to
30 um in diameter. The sample was then placed in the reflectometer and
measured to determine the reflection efficiency and scatter parameters. The
reflection efficiency is given in Figure 64 and the scatter curve in Figure 65.
The sample was not measured in a clean condition and therefore has to be
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Figure 63, Size distribution of dust particles on sample #7.
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compared to a sample previously tested. The reflection efficiency curve is
compared to a clean sample in Figure 66, At values of ¢ less than 50 arc min
the efficiency of the contaminated sample is slightly less than for a clean sample
of the same material. The FWHM of the dust sample was 13.17 arc sec, an
increase of 0.71 arc sec over the clean sample (Fig. 67). The scatter curve

is compared to the unreflected beam in Figure 63,
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Figure 66, Reflection efficiency of clean and contaminated chromium samples.
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Figure 67, Comparison of contaminated and clean chromium samples,
# = 50 arc min,
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3. Sample #8.  This sample was measured in a clean and contaminated
condition, The measured and theoretical reflection efficiency curves for the
clean sample are given in Figure 69 and show reasonably good agreement
between the two. After the measurements on the clean sample were completed,
it was contaminated by passing basalt dust through a 10 pm diameter sieve.
Basalt was used because it was readily available in the lab and because it
differed from the carbon and regular dust by having more rounded particles.,

The particle density was 235 particles/mm?, with the largest number of particles
at 14 um diameter (Fig. 70). The contaminated sample was measured to deter-
mine the reflection efficiency (Fig. 71). The efficiency at 6= 10 arc min was
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Figure 69. Reflection efficiency for chromium sample #8.
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only 11 percent, which is a reduction of 78 percent from the clean sample (Fig.
72). The efficiency of the contaminated sample increased as ¢ increased until
the angle of incidence was 50 arc min, At this point the contaminated curve was
approximately 15 percent below the clean sample., The scatter curve for the
sample measured prior to depositing the particles is given in Figure 73 with a
FWHM of 13,0 arc sec. Itis compared to the contaminated sample in Figure 74.
The FWHM of the contaminated curve is 16,57 arc sec, or an increase of 3,57
arc sec over the clean sample, The contaminated scatter curve is compared to
the unreflected beam in Figure 75.
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Figure 72, Reflection efficiency of clean and contaminated sample #8.
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Figure 75. Comparison of contaminated sample #8 and unreflected beam.

4. Sample #9. This sample was contaminated with the same basalt
material as sample #8. Because of equipment breakdown, a particle count was
not made; however, the density was several times the density of the dust on
sample #8. Figure 76 is a photograph of the sample. The dark areas around
the edges of the sample were caused by handling the sample after the measure-
ments were made, The reflection efficiency curve for the sample containing
the particles is given in Figure 77 and is compared to the clean sample in
Figure 78. At angles of incidence of 10 and 2¢ arc min the sample reflected
the x-rays at very low efficiency, and the efficiency went to zero at 6 = 30 arc
min. As ¢ was increased, the efficiency rose to 11 percent at 6= 70 arc min
and then decreased as 0 increased. The intensity of the reflected x-ray beam on
the contaminated sample was not sufficient to obtain a scatter cvrve,



Figure 76, Sample #9 after depositing basalt particles.

V. CONCLUSIONS

These measurements were made to (i) determine the reflection efficiency
of high-quality optical flats, (2) compare the results with theoretical data,
(3) define the profile of the x-ray beam prior to reflecting by the sample, (4)
determine how the sample scattered the x-ray beam, (5) correlate the scatter
data to the reflection efficiency data, and (6) determine the effects of contamina-
tion on the reflection properties of the samples, 8,34 A x-rays were used for
all of the measurements reported, and the x-ray reflectometer was aligned such
that the maximum resolution during these measurements was 12, 38 arc sec,
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The reflection efficiency measurements on the fused silica samples
compared favorable to the theoretical curves, indicating that the sample surface
finish was very good. The scatter curves confirmed that the surface finish of
the fused silica sample was very good, The maximum increase in the FWHM of
the x-ray beam by a clean fused silica samyle was 0,82 arc sec by sample #4,
but typically the increase was less than 0,3 arc sec for the other samples.

Carbon particles 10 um in diameter were deposited on samples #4 and
#5. The density of particles on sample #5 was approximately three times the
density of those on sample #4. The reflection efficiency of low-density particles
was considerahly less than for the clean sample and was also less than the
high~density particles, It is not clear why the reflection efficiency was higher
on the high-density particles, and this area should be studied in more detail.
The low-density particles had no significant effect on the scatter curve, but the
high~density sample FWHM increased by more than 3 arc sec.

The experimental reflection efficiency measurements and the theoretical
calculations on chrominum were in good agreement., Sample #6 was studied at
¢ values of 0, 20, 40, 85 and 110 arc min to determine the effect of angle of
incidence on the scatter curve. There was no significant change in the FWHM
on the clean sample. The sample was exposed to a Skylab thermal control
material, S13-G paint, for 24 hours. This exposure resulted in a decrease in
the reflection effic 2nc-- of appioximately 20 percent at angles of incidence less
than the critical angle. The scatter curve was determined for the contaminated
sample at the preceding values of ¢ and compared to the clean sample, The
FWHM of the contaminated curve increased over the clean sample for all values
of ¢ greater than zero and approached an increase of 4 arc sec at 0 = 85 arc min,

One sample was allowed to collect dust for 48 hours and then measurcd,
The particle density was 9 particles/ mm?, This contamination resulted in a
slightly reduced reflection efficiency and an increase in the FWHM of 0,71 arc
sec.

Two samples were contaminated with booalt particles 14 ym in diameter.
Sampie #8 contained a particle density of 235 particles/mmz, and sample #9
contained a density several times higher. The reflection efficiency of sample
#8 was reduced to a peak value of 60 percent and the scatter curve increased by
3.5 arc sec. The efficiency of sample #9 was very low, with a high value of
11 percent. The scatter curve could not be measured due to the low efficiency.

In summary, the measurements reported in this report confirm (1) that

a computer program has been developed to predict the efficiency of optical flats
which have a surface finish of at least A/10, (2) that particulate matter on the
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reflecting surface affects the scatter and reflection properties of the sample,
and (3) that this effect is a function of composition, particle shape, and density.
Also, the study shows that outgassing products deposited on surfaces will reduce
the efficiency of an optical surface and will increase the scatter of the x-ray
beam by that surface.
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